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RECENT DEVELOPMENTS IN THE TWODANT SYSTEM
OF CODES FOR CRITICALITY SAFETY

by

D. Kent Parsons
Raymond E. Alcouffe
Duane R. Marr
Forrest W. Brinkley
Los Alamos National Laboratory
Los Alamos, NM 87545

I. INTRODUCTION

The application of deterministic, discrete ordinates codes to criticality safety problems
can be a very useful complement to analyses perforined using Monte Curlo methods. This
18 especinlly so if there is a need for dose or flux maps of the system or if configuration
perturbations are to be studied. In these latter two situnations, it is difficult to obtain
reliable Monte Carlo results due to statistical effects. Deterministic ealculations are wlso
useful as an independent check and verification of Monte Carlo results.

The TWODANT system of discerete ordinates codes! has recently been enhanced for
criticnlity safety analysis. In addition to ONEDANT, TWODANT, and TWOHEX, tlwe
TWODANT system now includes TWODANT/GQ and THREEDANT. These two new
cade modules expand the applicability of the TWODANT system. These new eapabilities
will be demonstreated on a representative snmple of nuclear eriticality safety problems.

First, TWODANT/GQ and THREEDANT will be deseribed, Salient features of each
code module will be discussed. Caleulational resnlts obtained by ench will be presented
nud compared with each other snd with Monte Carlo results. Finally, some guidelines for

the effeetive use of the TWODANT system on eriticality applientions will e given,

. TWODANT/GQ

TWODANT/GQ is n generabized  quadrilateral mesh version of  TWODAN'T,
TWODANT/GQ iy Le used ineither X Y or R 7 geometry, though R 7 will be employed
exclusively hereo This Uexible mesh capability allows, for example, TWODANT/GQ to



wodel 0 sphere nearly exactly in R-Z geometry, This capability will be demonstrared in
the caleulationn] results.

Even though n non-orthogonal spatinl mesh is used in TWODANT/GQ. the well known
and very effective Difusion Synthietic Aceeleration (DSA)® ix used on both the inner
and outer iterations. The coding in TWODANT/GQ is also vectorized except for the
one-time ordering of cells for the transport sweeps.  The spatial differencing nsed by
TWODANT/GQ can best be deseribed as “dimnond-difference-like™ and is well hehaved
in the absence of too many distorted mesh cells. Henee, TWODANT/GQ performs nearly
ax well as TWODANT on most problems.

About the only difficulty encountered with TWODANT/GQ) is the geaeration of the
spatial mesh. Because of the large amounts of information, the geometry input ean become
tedious. To ease this ditficulty, a gaphical user interface, ORION, is being developed

11I. THREEDANT

THREEDANT is a nntural extension of TWODANT to X°Y Z and R-6-Z peometries.
Only X-Y-Z THREEDANT will e used here. Like TWODANT, THREEDANT uses
dinmond- differencing, DSA, and diagonnl sweep (in each plane) veetorization. THREE.
DANT s input file and interface file formats are all highly compatible with the rest of the
TWODANT systemn. This means, for example, that a TWODANT input deck mny be
very easily converted into a THREEDANT input deck.

THREEDANT is curreutly the only 3D deterministic code which is practieal for eriti
cality safety enleulntions. TORT.Y a 3D detenpinistic shiclding code, is not eflicient for
critienlity hecanse it lacks outer iteration DSA and dingonal sweep vectorization. TORT
ix further limited by n restrictive geometrical input. Cureently, only rectnngular parallel
piped shapes may be input into TORT.

On the otler hand, THREEDANT can now be linked to o mesh generation eonde,
FRAC IN THE BOX.” FRAC necepts nested pegion geomet vy iupnit (ineluding rectangular
parallel pipeds, sphetes, spherieal slices, eylinders, cones, wedpes, arbitrary hexnhedrons,
aned penernl tabular bodies) and generates an N Y 720 mesh and produces n binny inter
face file for THREFDANT. FRAC also sotomatieally generates the homope nized material
densities inside of each fine mesh eell, Material muesses are preserved,

The only practieal Emitation to FRAC is that nll peometrie hodies mnst cither he sepa
rate from ench other or completely enclose ench other. At the saoment, patinl overlap of

hodien is not permitted,



Sin~e the problem geometry is not exactly preserved by this “slice and dice™ homoge
nization method, results will be given to show the aceuracy of the procedure, At issue is
the effect of the diseretized surface representation on the solution accuracy, If the spatial

mesl 18 less than a neutron mean free path, then the surface is considered well dedned.

IV. CALCULATIONAL PROCEDURES

In order to understand the calculational results in the following secetions, some general
considerations of diserete ordinates calculations should be reviewed. Unlike Monte Carlo,
discrete ordinates calculations require a spatial mesh which mush be fine enough for ac-
curacy but coarse enough for computational efficiency. Similarly, angular quadrature (i.e.,
the Sy order) must be fine enough for accuracy but coarse enough for computational ef-
ficieney. Therefore, for each problem, results from a representative range of spatial mesh
configurations and angular quadratures will be presented.

The calenlations presented below are meant to bhe benchmark solutions.  Henee, the
pointwise Hux iteration convergence criterin was used.  This particular criteria can he
relaxed considerably if only the deterministic eigenvalue is desired.

All of the caleulations carried out with the TWODANT systein used the LANL 118
isotope 16-group Hansen: Roach eross section library. Appropriate selection of fissile and
fissionnble isotopes was based on the potential seattering of light isotopes per nbsorber
atom.  Standard default quadrature sets were used for all of the deteruinistie caleula
tions, Auy problem synumetries which were present. were utilized to redaee the size of the
caleulations.

All of the ealeulations reported here were earried out on a 8 processor 128 Megnword
CRAY YMDP. None of the ealeulations were multitasked, however, Currently, the CRAY
Y MP has o maxinnan field length of ~800 Mbytes nnd disk space of ~4b Ghytes, The fact
that the CRAY a0 veetor machine is very important to the TWODANT system of codes.
Deterministic codes are generally more veetorizable than Moute Carlo codes, Thus, nneh

of the cacention speed of the TWODANT system s due to veetorization.

V. CALCULATIONAIL RESULTS
A. Part | Hare Assemblies

A i liest exnmple of the pew capabilities of the TWODANT Gyvatem, we have chosen 1o

analyze 2 bare eritienl iesemblies, The fivst s the well known GODIVA core and the other



is a evlinducal assembly with intermediate U 235 enrichments. We will demonstrate that
TWODANT/GQ can indeed model asphere and that the “slice and dice™ diseretization aud
homogenization used in THREEDANT can be used to analyze eriticality problems. The
particular problem deseriptions used here were taken from a NMICNP neutrou benchmark
r('pnrt.'i

For GODIVA, two different TWODANT/GQ meshings were used. They are illustrated
in Fig. 1. Results from the GODIVA analyses are given in Table 1. All deterministic
caleulations reported here were run with a couvergence eriteria of 107 or 1074 on the
pointwise Huxes. Quite a few results for different quadratures are given to show that X-
Y-Z THREEDANT is somewhat less quadrature sensitive than ONE or TWODANT in
curvilinear geometries. This is believed to be related to the fact that the 1 :.ic discrete
ordinates formulation is simpler in ecartesian than it is in curvilinear geometries. There
is no angular redistribution in cartesian geometries. The practical result of this is that
low order quadrat-ires may generally be used in THREEDANT.

For the bare eylinder problems, THREEDANT results are compared to TWODANT in
Table 11, At 109 enrichment, the eritical height was estimated to bhe 119.4 e, At 140L.11%
surichment, the eritical height was measured to he 44.24 em. The THREEDANT results
are seen to be very consistent with the geometrically exact results from TWODANT.

It is also apparent from Table I that the LANL 118 isotope Hansen-Ronch eross sections
are not appropriate for this problem. That the problem is set up correctly was verified Ly
rerunning this analysis with avother eross seetion library  the LANL MENDFS library.
All of the caleulated cigenvalues were then fonud to he ~.99. This is considered “eritien]”

sinee MENDED does not. acconut. for deiayed neatrons.

I3. Part 2 - Refllectend Cores

To add geometrie complexity 1o onr aualysis, we pow tgn to reflected cores. The
problems which we have s lected are aographite reflected urnninm sphere, . water retlected
nrnnium sphere, and a wraniu sphere supported by plexigliss and submerged under water.
The tirst two problems were taken from the MONID pentron henehimark report.® The thicd
problem is from the MONP eritieality benehmark report.™ I is adso saple problem 15 of

the standard 20 1est problem set for h FNOR
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Fig. 1 TWODANT/GQ meshes for GODIVA.
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TABLE 11
BARE CYLINDRICAL REACTOR ANALYSIS

U-235 Avg.
Code Enrichment mesh Mesh  Quadrature kg cp time
TWODANT 10.9% 55x125 A8cin Ss 9734 0.4 mins
S12 9750 0.7
Sie 9749 1.1
THREEDANT"® 10.9% 55x5H6x125  .48cm Se 9749  39.3 mins
Ss 9747 50.8
TWODANT 14.11% 55x55 A8cm Ss 0764 0.2 mins
Si2 9761 0.4
Sie 9760 0.6
THREEDANT* 14.11% 55x55x5d A8cm Se 9755  13.7 nins
Sa 9756  20.8

*107? pointwise convergence

For the graphite reflected uraniumn sphere, our results are given in Table III. Our resules
from the water reflected sphere are in Table IV and sample problem 15 results are founc
in Table V. A picture of the TWODANT/GQ interior region mesh for sample problem 15
is shown on Fig. 2.

The somewhat greater sensitivity to spatial mesh seen in Tables IV and V is not sur-
prising. Both of these problems contain water which has a mean free path of ~.33 e in
group 16 of the Hansen-Roach energy structure. It is also known that diamond differencing
generally requires a spatinl mesh less than or equal to 12 mean free paths for aceuracy.
In fact, the sume general mean free path considerations apply to the “slice and dice™ dis
cretization and homogenization procedure used in FRAC for THREEDANT. Thercfore, a
spatinl mesh which is refined enough for the dimmond differencing will generally be refined

cnough for the “slice ad dice™ homogenization,



TABLE III

GRAPHITE REFLECTED URANIUM SPHERE ANALYSIS

Code

ONEDANT

THREEDANT
MCNP

WATER-REFLECTED URANIUM SPHERE RESULTS

Avg.
Mesh Mesh Quadrature kesy cpu time
180 0O7cm Ss 1.0000 < 0.1 mins
Si2 9983 < 0.1
Sis 9977 < 0.1
50x50x50  .25cm 4 .0988 10.7 mins
Sg .9986 15.8
: .9981+.0010 19.4 mins
TABLE IV

AVE.
Code Mesh Mesh Quadrature Kess epu time
ONEDANT 180 17cm Ss 9951 < 0.1 mins
Si2 .9932 < 04
Sis 9924 < 01
ONEDANT G0 0.50¢m Ss 1.0024 < 0.1 mins
S 1.0003 < 0.1
Sis 0.9997 < 0.1
THREEDANT*  50x50x60  (.60cm Sy 1.0023 20.5 mins
60x60x70  0.50cm S 1.0003 30
Se 1.0003 58
T0x70x70  0.44cn S4 9989 43
80x80x80  1.38&cm Sa 9977 o8
MONDP 9956+.0022 123 wins
* 10 pointwise convergenee
TAHLE V

SAMPLE PROBLEM 15 RESULTS

Avyg,
Code Mesh Mesh Quadrature Kess cpu time
TWODANT/GQ  TIx102 ~s.en Sx 1.0028 1.4 mins
St 1.0019 2.0
Sie 1.0015 3.8
THLEEDANT® TOxTOx 100 ~Adem Sg 1.0051 76 mins
100x 100x 125 Ahem Se 1.00256 152 mins

MCNP

10 Y pointwise

1.0016G +.0011

convergencee

J30 mins
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Fig. 2. Interior mesh for TWODANT/GQ on Sample Problem 15

As the THREEDANT caleulatious begin to be “large”™ {and the definition of large would

e machine dependent ), epu-time can be reduced by relaxing the THREEDANT pointwise

Hux convergence eriteria from 1074 to 1071 In all of the problems run to date, this has

heen fonad to speed up the calenlation significantly and to change k. g7 by less than 0.0003.



C. Part 3 - Solutions and Arrays

Results from several additional calculations will now be provided to further demonstrate
the capabilities of TWODANT/GQ and THREEDANT. The first problem in this section
is sample problem 21 from the KENO test problem set.”8 It is a spherical aluminum
tank raostly filled with a solution of highly enriched uranyl fluoride. Results are given on
Table VI.

The next problem is sample problem 20 from the KENO benchmark problem sct.”®
Seven cylinders of uranyl fluoride are arranged in a triangular pitch pattern. Results are

given in Table V1L
TABLE VI

SAMPLE PROBLEM 21 RESULTS

Avg.
Code Mesh Mesh  Quadrature kesr cpu time
TWODANT/GQ  50x100 .69¢m Sé 1.0041 0.6 mius
Ss 1.0038 0.8
THREEDANT* 70x70x140  .50cm Se 1.0018 50 mins
Ss 1.0019 94
MCNP : - .9962+.0008 143 mins

* 107* pointwise convergence
TABLE VII
SAMPLE PROBLEM 20 RESULTS

Avg.
Code Mesh Mesh Quadrature kesys cpu time
THREEDANT*  57x67x37  .50cmn Sq 9907 10.1 min
Se 9861 13.2
Sy 9845 17.7
THREEDANT®  85x93x54  .34cm Sa 0911 26. limins
Se 98064 37.2
Sa 9846 ol.0
MOND 09604£.0012  35.5 mins

* 10 pointwise convergence



The final problem is sample problem 18 from the KENO benchmark problem set.’®
Twenty seven cylinders of uranyl nitrate solution are arranged in a 3x3x3 array and placed

inside of a 6 inch paraffin reflector box. Results for this problem are given in Table VIII.

TABLE VIII
SAMPLE PROBLEM 18 RESULTS

Avg.

Code Mesh Mesh  Quadrature Kess cpu time
THREEDANT  90x90x90 .7T8cm Ss 1.0092 181 mins
THREEDANT  100x100x100 .7lcm Sg 1.0096 230 mins
THREEDANT  110x110x110 .64cm Ss 1.0098 330 mins
THREEDANT  135x135x135 .52cm Sa 1.0095 801 mins
KENO V.a - — —- 1.0084+.0013 40 mins
MCNP* — - - 1.0302+.0012 329 mins

* Lacks a paraffin S(a, ) treatment.

The THREEDANT results are non-monotonic since the unevenly spaced mesh: pattern
used on the first three calculations was not used on the last calculation. The last calculation
was evenly spaced in its spatial mesh.

This last problem has a spatial domain dimension of ~70 cm (after symmetry boundary
conditious are used). This large domain is difficult for THREEDANT because of the very
large number of mesh cells required. The fine mesh requirement of diamond differencing
and “slice and dice” homogenization thus limits THREEDANT to criticality applications
which, after symmetry, are relatively small in spatial domain. A practical limit for our

CRAY-YMDP wonldd be about260 mean free paths, (125 mesh x 2 mfp per mesh).

D. CPU Time Comparisons

The epu times quoted herein should be muderstood to be approximate in nature. Both
TWODANT/GQ and THREEDANT are still evolving and caleulational speed-ups are
expected. Furthermore, all epu time comparisons are highly machioe and ealeulation de

peudent.

10



Just as Monte Carlo calculations can be shortened or lengthened by statistical error
requirements, discrete ordinates calculational times are dependent on spatial meshing and
angular quadrature requirements. It is for this reason that we have presented a spread of
discrete ordinates results for each problem.

The extremely large 135x135x135 calculation performed on Sample Problem 18 should
be considered a demonstration calculation only. It required ~600 Mbytes of the “core”
memory on our CRAY-YMP. The calculation’s scratch files required disk space much larger
than that. Therefore, this calculation is very near the limit of our calculational capability
with THREEDANT on our CRAY-YMP. More typical calculations (50-100 mnesh cells in

each dimension) required from ~50 to ~200 Mbytes of core.

VI. SUMMARY AND CONCLUSIONS

It has been shown that TWCDANT/GQ and THREEDANT broaden the ca'.pability
of discrete ordinates codes in criticality safety calculations. The rather general geometric
capabilities of TWODANT/GQ and THREEDANT have been demnonstrated on a sampling
of benchmark criticality problems. Relatively good agreement with published Monte Carlo
results and critical experiments has been seen.

The fine mesh requirements for THREEDANT have been seen to limit discrete ordinates
calculations with respect to the size of the spatial domain. Fortunately, however, X-Y-Z
THREEDANT calculations have been shown to be somewhat less quadreature depeudent
than curvilinear ONEDANT or TWODANT cadculations. Furthermore, the default point-
wise flux convergence criteria of 1074 in TWODANT/GQ and THREEDANT wmny be

relaxed to 1074 on eriticality npplieations.
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